Among the polyene antibiotics, many, like filipin, cannot be used clinically because they are toxic; amphotericin B, however, is useful in therapy of human fungal infections because it is less toxic. Both the toxicity of filipin and the therapeutic value of amphotericin B can be rationalized at the cellular and molecular level by the following observations: (i) these polyene antibiotics showed differential effects on cells; filipin was more potent in lysing human red blood cells, whereas amphotericin B was more potent in inhibiting yeast cell growth; and (ii) the effects of filipin were more efficiently inhibited by added cholesterol, the major membrane sterol in human cells, whereas the effects of amphotericin B were more efficiently inhibited by ergosterol, the major membrane sterol in yeast. The simplest inference is that the toxicity and effectiveness of polyenes are determined by their relative avidities for the predominant sterol in cell membranes.
The effect of polyene antibiotics on cells is dependent upon the presence of sterols in the cell membrane (8, 10) . At sufficiently high concentrations, the polyenes cause a variety of toxic effects, including an increase in membrane permeability, leakage of cellular components, inhibition of macromolecular synthesis, and eventually death (see review in reference 6) . Because all eukaryotic cells contain sterols, the therapeutic usefulness of the polyene antibiotics are limited by their toxicity to mammalian cells. Filipin, for example, is a polyene too toxic for clinical use. Amphotericin B (AmB), however, is one of a few that is less toxic and is used clinically as an antifungal agent in human infection. It is likely that the clinical efficacy of AmB is based on a relative specificity for fungi. The following facts support this. (i) Yeast cells were found to be more than 100 times as susceptible to AmB than were cultivated animal cells (9) . (ii) AmB was found to be more potent against yeast cells than filipin (15) , whereas filipin was more potent against red blood cells than was AmB (7) .
Since fungal and mammalian cell membranes contain different sterols (1) , a reasonable hypothesis to explain the different susceptibilities of fungal and animal cells to these two polyene antibiotics is that AmB binds more avidly to the ergosterol in the fungal membrane than it does to the cholesterol in membranes of mammalian cells, whereas the opposite is true for filipin. Several previous studies support this notion (14-16), but there are also others which do not show the expected differences (4, 5, 13) .
To resolve these discrepancies, we performed parallel studies using two polyene antibiotics, two cell types, and two sterols. The 15 min, and released hemoglobin was determined from the absorbance of the supematant solution. To monitor the hemolysis conveniently for two different initial concentrations of erythrocytes, the absorbance was read at 520 nm for the filipin experiments and at 417 nm for the AmB experiments. These wavelengths were chosen to permit measurable hemolysis of two different initial concentrations of erythrocytes. The different conditions of the assays for filipin and AmB (amount of erythrocytes, time and temperature of incubation) were chosen to permit hemolysis by comparable concentrations of either polyene, which in turn permitted measurement of the inhibition of hemolysis by comparable concentrations of added sterols.
Inhibition of growth of Saccharomyces cerevisiae. The effects of filipin and AmB on the growth of S. cerevisiae were measured by incubating the yeast with each of the polyenes in the presence or absence of one of the sterols. S. cerevisiae obtained from Hoffman-La Roche, Inc., Nutley, N.J., was maintained on Sabouraud dextrose agar and transferred weekly. An inoculum from the culture was transferred to 40 ml of CNB medium containing 0.16% yeast nitrogen base without amino acids, 0.5% (NHj),SO4, 1.0%/1 glucose, and 0.2% Casamino Acids.
After 16 to 18 h of incubation at 28 C with shaking, 10 ml of the culture was diluted with 30 ml of fresh CNB medium and incubated for an additional 2 to 3 h. Hemocytometer and colony counts were done to determine the number of cells to be transferred to assay tubes. The counts presented in the results are hemocytometer counts, which were two to three times higher than the results obtained by colony counts.
The growth experiments were performed in culture tubes (18 by 150 mm) capped with foam stoppers. The complete assay system contained 5 ml of CNB medium, cells, and polyenes with or without sterols. The concentrations of methanol and dimethylformamide were 1% or less. The control tubes contained medium, cells, and the corresponding amount of dimethylformamide and methanol. The reference tube contained only medium. The tubes were incubated with shaking at 28 C, and growth was quantitated by determination of the absorbancy at 450 nm in the Coleman Junior spectrophotometer. A special adapter made it possible to perform these measurements directly in the reaction tubes. The results were not corrected for nonlinearity of the measured turbidity versus cell number, and are expressed as percentage of growth inhibition. Full growth (100%) was defined as the difference in reading between a control culture grown in the absence of antibiotics and the same culture at zero times; thus, 100% growth inhibition represents no increase in turbidity from zero time readings.
RESULTS
Hemolytic action of filipin and amphotericin B and its inhibition by sterols. Polyene antibiotics induce the rapid lysis of mammalian erythrocytes in the presence of isotonic saline (7) . By varying the cell number and the time and temperature of incubation, it was possible for each polyene to select conditions for which the range of effective concentra-ANTIMICROB. AG. CHEMOTHER.
on September 22, 2017 by guest http://aac.asm.org/ Downloaded from tion of both were about the same, and for which lysis was abrupt above a relatively sharp threshold concentration. Under these conditions, hemolysis did not occur at less than 1.0 i 0.3 ;M for filipin or less than 1.5 + 0.5 MAM for AmB. Concentrations sufficient to give total lysis were 2.3 ± 0.4 ,uM for filipin and 3.2 ± 0.5 MM for AmB (represent mean ± SE, n = 3).
Addition of appropriate concentrations of sterols to this assay system resulted in inhibition of hemolysis. The extent of protection depended on the exact experimental procedure. For example, protection was greater when polyenes were preincubated with sterol than it was when polyenes were added to a mixture of erythrocytes and sterols ( Table 1) .
The hemolysis of erythrocytes induced by filipin was time dependent (Fig. 1) , and cholesterol decreased the extent of hemolysis more effectively than did ergosterol. At higher concentrations of filipin, the inhibition was less pronounced but was still greater with cholesterol than ergosterol.
The relative inhibition of hemolysis by sterols as a function of filipin concentration is shown in Fig. 2 ; the analogous experiment for AmB is shown in Fig. 3 . At low concentrations of antibiotic, both sterols gave about the same protection; at concentrations of polyenes greater than twice that causing complete lysis, neither sterol was protective. However, at intermediate polyene concentrations, a difference in protection by the two sterols was clear. Cholesterol was more effective in inhibiting filipin-induced hemolysis than was ergosterol, whereas the reverse was true for AmB-induced hemolysis. In some experiments, only cholesterol could block the action of filipin, and only ergosterol could block the action of AmB. In others, the differences were not as pronounced, but were always present. Antifungal effects of the polyenes and the protection by sterol. Experiments were carried out with an initial inoculum of 3.2 x 106 to 3.6 x 101 cells of S. cerevisiae per ml in exponential growth. During 20 h of incubation, AmB at concentrations of 1.0 MuM and above gave complete inhibition of growth, whereas 2.8 gM filipin was required for the same effect. As in the hemolysis experiments, the effects of the polyene antibiotics were prevented by the presence of sterols. The results of a typical experiment are shown in Fig. 4 . It is seen that cholesterol was more potent in preventing the effects of filipin, whereas ergosterol was more By using artificial membrane preparations or yeast, some authors have concluded that filipin was always more potent than nystatin (4) and that the polyene antibiotics showed no detectable preference for ergosterol or cholesterol (13) . Others have shown that membranes containing ergosterol responded to nystatin at much lower concentrations than did those containing cholesterol (3) .
Fluorometric studies have shown a preference of filipin for cholesterol as compared with ergosterol (14) , but no marked preference of AmB for either sterol could be detected (2) . Several biological studies which have used sterols to interfere with antifungal and hemolytic activities of polyene antibiotics also have had conflicting results. For example, Ghosh and Ghosh did not find any difference between ergosterol and cholesterol in protecting yeast against AmB and nystatin (5). Others (16) found that cholesterol more effectively protected against filipin than did ergosterol, whereas the effects of AmB and nystatin were better prevented by ergosterol. In the latter study, cholesterol was completely inactive against nystatin and only slightly active against AmB. Similar results of the sterols in preventing the antifungal effects of AmB were shown by Rebell (12) , but in his study the difference in the protection given by cholesterol and ergosterol against AmB-induced hemolysis was insignificant.
Our results can be summarized as follows. (i) We have confirmed that for both antibiotics filipin was more potent against red blood cells (7), and AmB was more potent against yeast cells (15) . (ii) We have shown that the hemolytic and antifungal effects of filipin were more effectively blocked by ergosterol, whereas both effects of AmB were more effectively blocked by ergosterol.
The specificity of the polyene antibiotics is obviously not complete. For example, the differential protective effects of the sterols were clearest at limiting concentrations of polyenes, whereas at the highest levels of polyenes, where unbound polyene would be in excess, neither sterol protected in the range tested.
It is noteworthy that a higher molar ratio of sterol to polyene was required to protect erythrocytes as compared with yeast. This may only reflect the different experimental conditions of the two assays or the general strength of the two membranes; but it is also possible that the sterol in the erythrocyte membrane is more accessible to the polyene.
The observation that the protective action of the added sterols was enhanced when polyenes and sterols were preincubated before the addition of red blood cells (Table 1) is consistent with the notion of complex formation between free sterols and antibiotics.
The simplest interpretation of our results is that AmB-ergosterol interactions are stronger than those of AmB and cholesterol and that filipin-cholesterol interactions are stronger than those of filipin and ergosterol. This provides a rationalization for the toxicity of filipin and for the therapeutic value of AmB; the molecular basis for the cellular selectivity of the polyene antibiotics could reside in selectivity at the molecular level for the sterols.
We do not believe that there are any strong conflicts between our results and those of others. However, in some cases, authors have used ranges of antibiotic concentrations which could have obscured differences, whereas in other cases only one system was used, so that correlation with relative biological effects was missed. Frequently the disagreements in interpretation in the literature are based on the use of different single systems rather than merely differences in experimental conditions.
In the clinical situation, two types of cells are treated with polyene antibiotics-the fungus and host cells. Thus, to understand relative toxicities of different polyenes and their basis in molecular interactions, at least two relevant cell types and at least two polyenes of different toxicity must be studied and compared. Our findings show that when this is done, an overall rationalization of relative toxicities and binding affinities becomes clear.
